Body size affects nearly all aspects of organismal biology, so it is important to understand the constraints and dynamics of body size evolution. Despite empirical work on the macroevolution and macroecology of minimum and maximum size, there is little general quantitative theory on rates and limits of body size evolution. We present a general theory that integrates individual productivity, the lifestyle component of the slow-fast life-history continuum, and the allometric scaling of generation time to predict a clade's evolutionary rate and asymptotic maximum body size, and the shape of macroevolutionary trajectories during diversifying phases of size evolution. We evaluate this theory using data on the evolution of clade maximum body sizes in mammals during the Cenozoic. As predicted, clade evolutionary rates and asymptotic maximum sizes are larger in more productive clades (e.g. baleen whales), which represent the fast end of the slow-fast lifestyle continuum, and smaller in less productive clades (e.g. primates). The allometric scaling exponent for generation time fundamentally alters the shape of evolutionary trajectories, so allometric effects should be accounted for in models of phenotypic evolution and interpretations of macroevolutionary body size patterns. This work highlights the intimate interplay between the macroecological and macroevolutionary dynamics underlying the generation and maintenance of morphological diversity.
Introduction
A central issue in ecology, evolutionary biology and palaeontology is understanding the constraints on phenotypic evolution [1] . How fast organisms evolve in response to selection provides insight into important eco-evolutionary patterns, ranging from patterns of recovery from mass extinction events to the potential for modern species to adapt to global climate change [2] [3] [4] [5] . While there is a large body of theoretical literature on rates of genetic and molecular & 2013 The Author(s) Published by the Royal Society. All rights reserved. evolution, it is still unclear how morphological, physiological and ecological traits influence the rates and trajectories of evolution of clades. Here, we explore the evolutionary implications of two important components of organismal biology that should impact rates and trajectories of evolution: the rate of biomass production of an individual and its generation time.
Generation time is an important constraint on evolution, because it determines how quickly genes are passed from one generation to another, and thus constrains how fast a lineage can evolve in absolute time. A century can represent a million generations of potential evolutionary change to the typical bacterium, and about one generation to a tree or giant tortoise. It follows that the maximum absolute rate of phenotypic evolution probably varies widely across lineages and species. The dependence of evolutionary rate on generation time is well documented from comparative analyses of DNA sequences ( [6 -10] , but see [11, 12] ) and supported by evolutionary theory [7, 13, 14] . This provides the justification for measuring the rate of evolution in units that account for the effect of generation time, such as in units of haldanes [15 -20] or in number of generations [5] .
An important determinant of generation time is an individual's mass-specific production rate, the quantity of biomass it produces per unit time, divided by its body mass. We refer to this as individual productivity. This trait is particularly important because it provides an integrative measure of the rate at which an organism acquires, assimilates, transforms and allocates resources to growth and reproduction [21] . Variation in traits such as individual productivity has been discussed in terms of a slow-fast life-history continuum [22] [23] [24] [25] . 'Slow' and 'fast' refer to the speed at which organisms progress through their life histories, ranging from slow organisms that take years to reach first reproduction and reproduce only every few years, to fast organisms that complete their life cycle in weeks, days or even hours. Much of the variation among species in lifehistory traits can be attributed to body size by allometric scaling, but once these effects are accounted for, an order of magnitude of residual variation still remains (figure 1a). This residual variation has been ascribed to the 'lifestyle' component of the slow-fast life-history continuum-in other words, the slow-fast lifestyle continuum-where the lifestyle of an organism comprises the ecological, morphological and physiological traits that influence how resources are gathered from the environment and allocated to fitness components. Lifestyle is therefore an important biological contributor to this residual variation in individual productivity [26, 27] . The quality and/or abundance of the resource an organism has evolved to consume can influence its rate of energy intake and allocation to reproduction. At opposite ends of this lifestyle spectrum in mammals are , trajectories of M 1/4 plotted in chronological time are initially straight lines with slopes providing a measure of evolutionary rate, as given by equation (2.5). In chronological time, both the slope and maximum for fast, productive lifestyles are higher than those for slow, unproductive lifestyles.
rspb.royalsocietypublishing.org Proc R Soc B 280: 20131007 primates and whales, which have low and high individual productivities for their body sizes, respectively. While it is clear intuitively that generation time, lifestyle and individual productivity might influence phenotypic evolution; currently, there is no theoretical framework for how these components interact to affect evolutionary trajectories of important traits.
Body size is an ideal phenotypic trait for theoretically modelling and empirically testing the effects of generation time, lifestyle and productivity. Almost all characteristics of an organism are related in some way to body size, so it is particularly important to understand the factors affecting its evolution. There is a sizeable literature on the evolution of body size, most of which focuses on a specific community, clade or geological epoch [5,28 -35] . A much smaller body of work addresses the macroecology and macroevolution of minimum and maximum body size [36 -42] . So far, however, a general quantitative theory on rates and ecological limits of body size evolution is lacking. As a result, two important questions regarding body size evolution are still unanswered: (i) what general factors determine the rate and trajectory of evolution of body size and (ii) why do clades differ in the maximum body size they attain? Here, we develop a general theory for the effects of the allometric scaling and lifestyle components of the slow-fast life-history continuum on the rate of evolution and asymptotic maximum body size of a clade. We then test our predictions using a dataset on the maximum body size of mammals as they radiated during the Cenozoic following the extinction of the non-avian dinosaurs at the Cretaceous-Palaeogene (K-Pg) mass extinction event.
Theory and results
(a) The rate and trajectory of body size evolution (i) Theoretical development Biological rates, B, such as mass-specific metabolic rate, birth rate and mass-specific production rate or productivity, typically scale with body mass, M, as
where B 0 is a normalization coefficient that varies between lifestyles and taxonomic groups and is a predictable function of body temperature [43] , and the allometric scaling exponent b is often approximately one-fourth in plants and animals (figure 1a; [44 -46] ). Like other biological rates, the rate of evolution should decrease with increasing size, scaling as %2 1 4 power of mass [6, 7, 47] . This is justified on a theoretical basis because the rate of incorporation of a mutation should scale inversely with generation time, G, which scales as
where k is a constant of proportionality [45, 48, 49] . The allometric scaling, phylogenetic and lifestyle components of variation can be quantified by fitting equation (2.1) or (2.2) to biological rate or generation time data plotted on logarithmic axes for different clades or groups of species sharing similar lifestyles (figure 1a). The slope b determines the size-dependence of biological rates or generation time [46] . The size-independent lifestyle effect is given by the intercept or normalization coefficient B 0 , with higher values of B 0 reflecting lifestyles that allow for greater individual productivity, shorter generation times and faster reproductive rates-thereby quantifying a group's position along the lifestyle component of the slow-fast life-history continuum. Evolutionary changes in body size on a per-generation basis can be expressed as (1/M)(dM/dt g ) ¼ a, where a is the pergeneration rate constant and t g is time measured in generations. Changes with respect to chronological time, t, are obtained by dividing by generation time and substituting in the generation time allometry, i.e.
Equation (2.3) shows that all else being equal and as long as b . 0, evolutionary changes in body size in chronological time occur more slowly in larger organisms.
Integrating equation (2.3) shows that the value of the allometric scaling exponent b has a profound effect on the shape of the evolutionary trajectory during diversifying radiations, assuming that the per-generation evolutionary rate (a) remains constant. If b were zero, mass would increase exponentially in chronological time. However, when b . 0, as typically occurs in animals and vascular plants, the increase is sub-exponential (figure 1b,c) and body mass depends on time as should depend linearly on time in plants and animals (figure 1d). (2) Equation (2.5) predicts that more productive, faster lifestyles should be able to evolve at a faster rate in chronological time: the rate of evolution s is proportional to the massspecific production normalization constant B 0 , which quantifies a group's position along the slow-fast lifestyle continuum.
(iii) Results
The theory we developed here should apply to clades during a diversifying phase of body size evolution. The radiation of placental mammals provides a natural experiment to evaluate our theory. After the K-Pg event that exterminated the non-avian dinosaurs, the major clades diversified in size both within and among clades. Starting from small ancestors, maximum body size of most clades exhibited a decelerating increase that ultimately levelled off (figure 1b; [5, 34] ). Recently, Evans et al. [5] showed that accounting for the body size effect on generation time reveals that the maximum size of each clade increased at an approximately constant rate per generation until ultimately reaching an asymptote, as in figure 1d .
We used the latest version of the database (MAMMOTH v. 1.1) analysed in Smith et al. [34] and Evans et al. [5] to test our two predictions (see the electronic supplementary material, appendix table S1). As predicted, after accounting for allometric effects using equation ( S1 ). To test prediction 2, we plotted the rate of evolution as a function of the normalization coefficient for individual productivity ( figure 3 ). Rates of evolution were estimated by the slopes of the fitted lines in figure 2 and modern-day normalization coefficients for individual productivity for the eight lineages were taken from Sibly & Brown ([27] ; data in electronic supplementary material, appendix table S2; see appendix for details). As predicted, lineages with faster lifestyles had higher maximal rates of evolution (R 2 ¼ 0.62, p ¼ 0.021).
(b) Maximum size (i) Theoretical development
As shown in figure 1a, species with slower lifestyles have lower individual productivities for their body size and thus lower population growth rates and reduced capacities to recover from environmental perturbations. Individual productivity also varies allometrically, decreasing as body size increases (figure 1a). Eventually, there is a theoretical maximal body size for each clade where productivity is so low it can only just offset mortality (figure 1a). We model this situation by assuming that persisting species must be sufficiently productive that they can replace losses occurring at some minimum death rate D crit when body mass is at its maximum, M max (see the electronic supplementary material, appendix for details). Production rate is given by equation (2.1), and setting this equal to
(ii) Predictions Equation (2.6) makes the direct testable prediction that the maximum size reached by a clade varies with individual productivity. More productive lifestyles are able to attain larger maximum sizes, or more quantitatively, maximum body size is positively correlated with log B 0 .
(iii) Results
We used the MAMMOTH v.1.1 data [5, 34] Figure 2 . The increasing phase of the maximum body mass of mammal clades during the Cenozoic. The quarter-power scaled body mass (M 1/4 , in kg 1/4 ) normalizes for generation time allometry so that a linear relationship indicates an invariant per-generation rate of evolution and the slope of the regression line provides a measure of the rate of evolution. The x-axis is the time since the initiation of a clade's increasing phase of size evolution. Note that the faster increasing clades tend to attain higher maximum body sizes, as predicted by equation (2.6). All R 2 are greater than 0.74. 
Discussion
Our theory clearly demonstrates the crucial role of allometry and individual productivity in determining the rate and trajectory of body size evolution and the maximum size animals achieve. When clades have similar rates of evolution per generation, they have similarly sloped linear trajectories of body mass evolution when plotted in biological time (figure 1b). However, as clades vary along the slow-fast lifestyle continuum, the body masses of those with lifestyles having higher mass-specific production coefficients (B 0 ) increase faster than those of clades with less productive lifestyles when plotted in chronological time ( figure 1c,d ).
Clades with faster lifestyles also reach higher maximum sizes, because their higher individual productivity allows them to sufficiently replace mortality losses even at larger body sizes. Therefore, the lifestyle component of the slowfast life-history continuum affects both the rate of evolution in chronological time and maximum body mass. The evolution of size in baleen whales and primates provides useful examples for how lifestyle can play into the evolutionary dynamics of body size. Of all the mammalian lineages, baleen whales have the highest mass-specific production coefficient and, as predicted, the highest chronological rate of evolution and largest maximum body mass. The high mass-specific production coefficient of baleen whales is probably a consequence of their ecological niches and lifestyle-feeding on abundant, reliable food sources in highly productive marine environments [27] . The evolution of a bulk-feeding lifestyle and baleen plates allowed the ingestion of entire schools of planktonic invertebrates or small fish, fuelling the whales' high-energy requirements and individual productivities [50, 51] . Our theory illustrates how the adoption of this productive lifestyle allowed the clade to achieve high individual productivity for their body size and thus reach large sizes. An interesting question is whether before human hunting their lifestyle also resulted in lower critical death rates, which our theory predicts can also contribute to the evolution of extreme maximum size. In contrast with baleen whales, primates-well recognized for being at the slow end of the slow-fast lifestyle continuum [22, 27] -have the lowest massspecific production coefficient, lowest chronological rate of body size evolution, and lowest evolved maximum body size of the lineages examined.
While we have focused on the consequences of the slow-fast life-history continuum for body size evolution, the theory has implications for understanding other aspects of evolutionary history. Megafaunal extinctions, such as the Late Pleistocene extinction of large mammals, provide one example. Another example is extinction due to fishing of large fish with slow lifestyles [52] . In both cases, extinction of larger animals resulted from an increase in the death rate. Our theory provides simple predictions for how decreases in individual productivity or temporary increases in death rates should affect the maximum body mass that can persist. For example, if the death rate is raised in figure 1a , elevation of the horizontal dashed line reduces M max . Equation (2.6) suggests that a twofold increase in mortality rate would lead to a 16-fold reduction in maximum body mass. The theory complements more detailed models of megafaunal extinctions [53] and efforts to untangle the diverse causes of the Late Pleistocene extinction event, which likely largely resulted from increased mortality rates because of human hunting [54] . Our approach suggests that relatively small changes in mortality rates may have differentially strong impacts on large species and could result in size-biased extinctions, both in the past and as human impacts on biota increase in the future.
In addition to providing a context for understanding sizebiased extinction events, our theory may have implications for understanding evolutionary rates and trajectories more generally. Palaeontologists have often expected size to have the potential to change exponentially in chronological time [42, 55] . However, our theory suggests that the potential for exponential evolutionary change in size over chronological time only occurs if mass-specific biological rates and biological times such as generation time are invariant of size. When mass-specific biological rates scale positively, which has been observed in heterotrophic bacteria [46] , steep super-exponential changes in body size are expected (see the electronic supplementary material, appendix for details). When mass-specific biological rates scale negatively with body size, the evolutionary trajectory of body size should change sub-exponentially in a power-law-like fashion, with rates of change decreasing with increasing size. Such a decelerating curve could be incorrectly interpreted as indicating decreasing per-generation rates of evolution, highlighting the importance of appropriately transforming body mass when examining in chronological time the size evolution of organisms. Thus, biological scaling exponents can fundamentally alter the shape of evolutionary trajectories of body size in diversifying lineages (see also [56] ), and so allometric effects must be considered in interpretations of these macroevolutionary patterns. Figure 4 . The effect of the slow -fast lifestyle continuum on the maximum body mass evolved within mammalian orders. Theory predicts a positive linear relationship (equation (2.6)) between an order's evolved log maximum body mass and its log mass-specific production normalization coefficient, which quantifies an order's position along the slow -fast lifestyle continuum. The data points for the primates and baleen whales are circled.
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Allometry and the slow-fast lifestyle continuum have important implications not only for understanding trajectories of past evolutionary dynamics, but also for how comparative methods are used to study body size evolution, macroecology and allometric scaling. In cases where a comparative study includes species that span multiple orders of magnitude of variation in body size, the accuracy of phylogenetic comparative methods and the derived interspecific allometric scaling exponents could likely be improved by accounting for the allometry of evolutionary rate. One approach is to use branch lengths derived from sequence data instead of absolute divergences times, since allometric scaling should have similar effects on rates of trait evolution and molecular sequence evolution. Another approach would be to use a Brownian motion model in which the change in body size per unit time scales with body mass as in equation (2.3) or in which M b is used instead of log M, as is common practice for comparative analyses, such as phylogenetic independent contrasts. Such a model would also provide an alternative prediction for how clade maximum body size changes as a function of chronological time under a random walk model of evolution. This model would contrast with the mathematical predictions developed here for the non-random changes in body size that might be expected for diversifying phases of evolution (as supported in mammals by Evans [5] ).
Perhaps most importantly, by integrating the lifestyle of organisms with their evolutionary dynamics, the theory suggests a two-way interaction between ecology and evolution. Lifestyles and niches have consequences for evolutionary rates and the maximum sizes attained by different clades; conversely, however, ecological niches and lifestyle have also been shaped by the historical contingencies of evolutionary diversification. Overall, this work highlights the intimate interplay between ecological and evolutionary dynamics at broad scales that affects the macroevolution and macroecology of organisms from microbes to whales.
